Chronic inflammation contributes to the development of various forms of cancer. The polyamine catabolic enzyme spermine oxidase (SMOX) is induced in chronic inflammatory conditions, including Helicobacter pylori-associated gastritis, where its production of hydrogen peroxide contributes to DNA damage and subsequent tumorigenesis. MicroRNA expression levels are also altered in inflammatory conditions; specifically, the tumor suppressor miR-124 becomes silenced by DNA methylation. We sought to determine if this repression of miR-124 is associated with elevated SMOX activity and concluded that miR-124 is indeed a negative regulator of SMOX. In gastric adenocarcinoma cells harboring highly methylated and silenced mir-124 gene loci, 5-azacytidine treatment allowed miR-124 re-expression and decreased SMOX expression. Overexpression of an exogenous miR-124-3p mimic repressed SMOX mRNA and protein expression as well as H 2 O 2 production by 450% within 24 h. Reporter assays indicated that direct interaction of miR-124 with the 3′-untranslated region of SMOX mRNA contributes to this negative regulation. Importantly, overexpression of miR-124 before infection with H. pylori prevented the induction of SMOX believed to contribute to inflammation-associated tumorigenesis. Compelling human in vivo data from H. pylori-positive gastritis tissues indicated that the mir-124 gene loci are more heavily methylated in a Colombian population characterized by elevated SMOX expression and a high risk for gastric cancer. Furthermore, the degree of mir-124 methylation significantly correlated with SMOX expression throughout the population. These results indicate a protective role for miR-124 through the inhibition of SMOX-mediated DNA damage in the etiology of H. pylori-associated gastric cancer.
INTRODUCTION
Spermine oxidase (SMOX), an inducible enzyme in the polyamine catabolic pathway, is responsible for the direct back-conversion of spermine to spermidine. 1 This FAD (flavin adenine dinucleotide)-dependent reaction also generates significant amounts of the reactive oxygen species (ROS) precursor hydrogen peroxide (H 2 O 2 ) as a byproduct. SMOX activity occurs in the cytoplasm as well as the nucleus, 2, 3 where its production of H 2 O 2 in close proximity to DNA results in oxidative DNA damage that elevates the potential for neoplastic transformation. To further exacerbate this potential, spermine, the substrate of SMOX, functions as a free-radical scavenger 4 and is diminished during SMOX-mediated ROS generation. SMOX is induced in response to various stimuli, including bacterial infection, [5] [6] [7] proinflammatory cytokines, 8 the natural polyamines and certain polyamine analogs. 1 Importantly, significant increases in SMOX protein expression have been detected in tissues from patients harboring conditions characterized by chronic inflammation, including Helicobacter pyloriassociated gastritis, 9 prostatic intraepithelial neoplasia (PIN) 10 and ulcerative colitis. 11 Each of these conditions increases the risk of tumorigenesis, and the inhibition or loss of SMOX activity in animal models representing these conditions decreases tumor occurrence. 7, 12, 13 Elevated SMOX thereby serves as a molecular link between infection and/or inflammatory stimuli and the development of chronic inflammation-associated tumorigenesis. Much research has focused on H. pylori-mediated induction of SMOX in gastric epithelial cells as a mechanism linking chronic gastritis and gastric carcinogenesis. A Gram-negative, microaerophilic bacterium, H. pylori inhabits the gastric mucosae of greater than half of the world's population, and chronic infection with H. pylori is causally linked to gastritis and peptic ulcer disease. 14 Furthermore, H. pylori infection is considered the predominant risk factor for the development of gastric cancer, with~90% of newly diagnosed noncardia gastric cancer cases attributable to chronic H. pylori infection. 15 With a 5-year survival rate of o15%, gastric cancer is the third leading cause of cancer-related deaths worldwide. [16] [17] [18] The prevalence of H. pylori infection is greatest in developing countries, and throughout the Department of Nariño, Colombia, 80% of children are H. pylori-positive by the age of 5 years. 19 However, the risk of eventually developing gastric cancer differs greatly between residents of two geographically isolated regions: those inhabiting the rural Andes mountain villages have an~25-fold greater risk of developing gastric cancer than those residing in the low-risk region along the Pacific coast. 20 Importantly, gastric tissues biopsied from gastritis patients in the high-risk region demonstrate elevated SMOX activity that results in increased oxidative DNA damage, relative to similarly staged patients from the low-risk region. 13 These results, combined with related studies in a Mongolian gerbil model, 13 implicate SMOX as the mediator of increased H. pylori-associated gastric cancer risk in the Andean population and suggest the use of aberrant SMOX induction as an indicator of gastric cancer risk and a rational target for chemoprevention.
The dysregulation of specific microRNAs (miRNAs) with tumorsuppressive or oncogenic roles is prevalent in cancer. miRNAs are short,~22-nt-long, non-coding RNA molecules that negatively regulate target mRNA transcripts, typically through base pairing with a region in the 3′-untranslated region (3′-UTR). As tumor suppressor genes, mature miRNAs bind to the mRNA transcripts of genes with potentially oncogenic functions, downregulating their expression via message destabilization or translational inhibition. Tumor-suppressive miRNAs are frequently inactivated in cancer through multiple mechanisms, including epigenetic changes such as aberrant promoter-region DNA hypermethylation. Of interest, human miR-124 is encoded by three loci: mir-124-1 (8p23.1), mir-124-2 (8q12.3) and mir-124-3 (20q13.33). Each of these is associated with a canonical CpG island that becomes densely hypermethylated, resulting in tumor-specific epigenetic repression that has been observed in many cancer types, including gastric, colon and prostate. [21] [22] [23] [24] A chronic inflammatory microenvironment contributes to epigenetic silencing through DNA hypermethylation, which accumulates in non-cancerous gastric mucosae before the development of malignancy. 25 Several studies have implicated correlations between miR-124 epigenetic inactivation and a predisposition to tumorigenesis. In particular, mir-124 hypermethylation has been reported in several premalignant conditions that are associated with chronic inflammation and/or infection, and mir-124 hypermethylation is frequently observed in gastric biopsies of individuals with H. pylori infection. 21 However, the relationship of mir-124 methylation to the mechanism of gastric carcinogenesis has not been determined. Similarly, mir-124 DNA hypermethylation was detected in colonic tissues of both pediatric and adult patients with active ulcerative colitis, 22, 26 a colorectal cancer predisposition, as well as in premalignant cervical lesions. 27 The above-mentioned infection/inflammation-associated conditions under which mir-124 becomes silenced through DNA hypermethylation mimic those in which SMOX becomes activated. Therefore, we hypothesized that miR-124 is a negative regulator of SMOX that prevents the DNA-damaging and tumorigenic effects of SMOX induction. We directly tested this hypothesis and herein present both in vitro and in vivo human data implicating the epigenetic inactivation of mir-124 during H. pylori-associated gastritis as a key player in the induction of SMOX-mediated oxidative DNA damage and potential for gastric carcinogenesis.
RESULTS
Exogenous expression of miR-124 decreases SMOX expression AGS human gastric adenocarcinoma cells express nearly undetectable levels of mature miR-124, 21 and we have previously demonstrated that AGS cells induce SMOX expression in response to H. pylori infection. 6, 13 To determine if increasing miR-124 expression in these cells would alter the expression of SMOX, transient transfections were conducted using a miRNA mimic corresponding to hsa-miR-124-3p: after 24 h, miR-124 was highly expressed, while SMOX mRNA expression was significantly downregulated (450%), compared with cells transfected with a negative control miRNA mimic (miR-NC) (Figures 1a and b) . SMOX protein levels were also diminished upon miR-124 expression, as indicated by western blot analyses (Figure 1c ). Both the decreased generation of H 2 O 2 specifically from the oxidation of spermine (Figure 1d ) and the increased level of spermine (Figure 1e ), the substrate of SMOX and a free-radical scavenger, 4, 28 verified the reduction in enzymatically active SMOX following expression of miR-124. Intracellular concentrations of the other natural polyamines were not significantly affected, as the inhibition of SMOX does not elicit a complete blockade of polyamine metabolism. Of the other polyamine metabolic enzymes, S-adenosylmethionine decarboxylase (AMD1) and spermidine synthase (SRM) mRNA expression levels were also decreased following miR-124 transfection ( Figure 1b) . As neither of these transcripts is predicted to bind miR-124, it is likely that this downregulation of biosynthesis is due to feedback from the observed increase in intracellular spermine concentration. 29 miR-124 directly targets the 3′-UTR of SMOX To determine if SMOX is a direct target of miR-124, the 3′-UTR of the human SMOX gene was examined for predicted miRNA recognition sites. Bioinformatic analysis revealed a miR-124 target site starting at position 262 of the human SMOX 3′-UTR that consists of an exact match to positions 2-8 of the mature miRNA (the seed+position 8) (Figure 2a ). This region of the human SMOX gene, which is broadly conserved among vertebrates, was isolated and inserted downstream of the firefly luciferase gene to generate a reporter construct. Transfection of the resulting plasmid into AGS cells induced robust luciferase activity that was attenuated 60% upon co-transfection with the miR-124 mimic (Figure 2b ). miR-124 was unable to significantly decrease luciferase activity when co-transfected with mutated versions of the same region. Furthermore, AGS cells stably overexpressing the SMOX coding region but lacking the predicted miR-124 binding site continued to express elevated SMOX mRNA following miR-124 mimic transfection ( Figure 2c ). These results indicate that miR-124 regulates SMOX, at least in part, through direct targeting of its 3′-UTR. miR-124 inhibits H. pylori-mediated induction of SMOX Infection of gastric epithelial cells with H. pylori induces SMOX expression that results in increased DNA damage in association with gastric tumorigenesis. 6, 9, 12, 13, 30 To determine if the expression of miR-124 could influence H. pylori-mediated SMOX induction, AGS gastric epithelial cells were transfected with miR-124 or the negative control mimic 48 h before infection with H. pylori. Quantitative PCR results demonstrated significant (6-8-fold) increases in SMOX mRNA in wild-type AGS cells or those containing the negative control miRNA mimic following coincubation with H. pylori, whereas the cells transfected with the miR-124 mimic maintained SMOX mRNA levels that were not significantly greater than basal levels ( Figure 3a) . These results indicate that miR-124 is capable of negatively regulating the increased SMOX transcript levels that occur with H. pylori infection, thereby potentially preventing the SMOX-mediated production of DNA-damaging H 2 O 2 .
To confirm this protective role for miR-124, SMOX activity and the resultant generation of H 2 O 2 were analyzed following the exposure of miR-124-expressing AGS cells to H. pylori ( Figure 3b ). As with SMOX mRNA, significantly increased SMOX activity occurred following 6 h of coincubation with H. pylori in either wild-type or negative control AGS cells. Importantly, the AGS cells overexpressing miR-124 generated diminished levels of spermine oxidation-specific H 2 O 2 , regardless of the presence of H. pylori.
These data verify that miR-124 is a negative regulator of SMOX and as such serves to protect cells from the DNA-damaging effects known to result from increased spermine oxidation in association with H. pylori infection.
Re-expression of endogenous miR-124 correlates with decreased SMOX Previous studies have demonstrated that simultaneous CpG-island DNA hypermethylation of the promoter regions of the three mir-124 genes is responsible for its lack of expression in AGS cells. 21 We therefore treated AGS cells with the DNA methyltransferase . RNA expression levels were quantified using qRT-PCR with primers specific to miR-124 (a) or SMOX (b). miR-124 transcript levels are relative to U6, and SMOX levels are relative to GAPDH. Columns indicate the means (n = 3), with error bars indicating s.e.m. In (c), expression levels from the individual experiments in (a and b) were used for regression analysis. Spearman's rank correlation was used to calculate r and P-values. SMOX activity (d) following 5-azaC treatment was measured as pmol H 2 O 2 /mg protein per min (n = 3 independent experiments measured in triplicate; error bars = s.e.m.; *Po0.01; ***Po 0.001).
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Consequently, the production of SMOX-specific hydrogen peroxide was decreased with increasing concentrations of 5-azaC (Figure 4d ), suggesting that re-expression of endogenous miR-124 was capable of downregulating SMOX. Among the other genes in the polyamine pathway, only ODC1 expression was significantly altered by 5-azaC (Supplementry Figure 1) .
mir-124 DNA methylation in gastric biopsies from at-risk Colombian gastritis populations To investigate the clinical implications of the miR-124-SMOX interaction, methylation levels of the three hsa-mir-124 genes were quantitatively analyzed using Pyrosequencing of gastric mucosae DNA obtained from 90 patients with dyspeptic symptoms who resided in the high-or low-risk regions of Nariño, Colombia. We previously demonstrated that these same high-risk patients maintain significantly elevated levels of DNA-damaging SMOX activity that correlates with their increased risk of developing gastric cancer, relative to the low-risk patients. 13 The majority of patients (90%) was H. pylori-positive and included 43 persons from the low-risk coastal region and 47 persons from the high-risk Andean region. The overall DNA methylation levels of mir-124 were significantly elevated in the high-risk population compared with those of the low-risk group at each of the three gene loci ( Figure 5 ). Notably, the methylation level at each genomic locus in an individual patient was positively correlated with those at the other two loci in the same patient (mir-124-1 vs mir-124-2: r = 0.679, P o 0.0001; mir-124-1 vs mir-124-3: r = 0.618, Po 0.0001; mir-124-2 vs mir-124-3: r = 0.742, P o0.0001), strengthening the potential for epigenetic silencing of mir-124 in the patient as well as in the Andean population as a whole. These observations are consistent with mir-124 epigenetic downregulation as a mechanism that allows for the chronically elevated SMOX activity and oxidative DNA damage that contributes to the high tumorigenic risk of the Andean community. 13 It is important to note that although the coastal Colombian population has been historically referred to as 'low-risk' relative to the Andean population, inhabitants of the coastal region remain at significant risk for developing gastric cancer. Considering this risk and the fact that patients in both regions have advanced lesions, we applied multivariate analyses using the entire Colombian cohort to estimate the overall relationship between methylation levels of the mir-124 gene loci and expression of SMOX, which was previously determined by immunohistochemistry. 13 After adjusting for confounding variables, including H. pylori infection status and cagA status, age, histopathology score and risk region, generalized linear models indicated that SMOX expression was significantly and positively associated with the degree of DNA methylation at each of the three mir-124 gene loci (Figures 6a-d) . These compelling human in vivo data imply that increased methylation of mir-124 is positively associated with increased expression of SMOX in Colombian patients with H. pylori-associated gastritis, regardless of the region of residence. Therefore, methylation of mir-124 potentially serves as a critical factor in determining general susceptibility to H. pylori-associated oxidative damage in the etiology of gastric cancer.
DISCUSSION
Chronic inflammation associated with H. pylori infection is perceived to have a causative role in epigenetic gene silencing through DNA hypermethylation, which increases as an individual progresses through the cascade from non-atrophic gastritis to cancer. [31] [32] [33] As shown here with mir-124, methylation levels of other tumor suppressor genes involved in gastric carcinogenesis are also increased in the high-risk Colombian gastritis patients, 34, 35 suggesting a fundamental difference affecting the methylation process. Genetic differences, including ancestral variation in both the human and bacterial populations, also contribute to cancer risk. 36 Our group recently isolated and characterized multiple H. pylori strains from individuals inhabiting the high-or low-risk regions; interestingly, compared with those obtained from low-risk individuals, the strains from high-risk patients were capable of inducing significantly higher levels of SMOX activity and DNA damage with reduced apoptosis levels that were associated with activation of epidermal growth factor receptor. 9, 13 Therefore, in the high-risk region patients already predisposed to SMOX expression due to hypermethylated mir-124 genes, there is also an increased chance of becoming colonized by an H. pylori strain with heightened ability to induce SMOX without triggering apoptosis.
The current study did not investigate the effects of miR-124 expression on cell proliferation and tumorigenic potential, as these have been previously reported in AGS cells among others. As would be expected for a miRNA with tumor-suppressive function, overexpressing miR-124 decreased proliferation rates and anchorage-independent growth in all tumor cell types examined, and mouse tumor xenografts originating from miR-124-overexpressing gastric carcinoma cells, including the AGS cell line used in the current study, resulted in significantly slower tumor growth. 37 As miR-124 has multiple potentially oncogenic targets, including regulators of proliferation such as CDK6, 24 it should be noted that in cells with silenced miR-124, growth is significantly upregulated concomitant with SMOXmediated DNA damage and decreased apoptosis, again exacerbating the potential for malignancy.
Through identifying SMOX as a novel target of miR-124, the results of the current study suggest the aberrant epigenetic silencing of miR-124 as a potential risk indicator for H. pyloriassociated gastric carcinogenesis. As exemplified in Figure 3 and schematically illustrated in Figure 7 , when expressed in gastric epithelial cells, miR-124 targets and prevents the induction of SMOX-generated ROS that occurs in the presence of inflammatory stimuli, such as H. pylori-associated gastritis. As a result, gastritis patients expressing higher levels of miR-124 maintain lower levels of SMOX and appear less likely to progress through the highergrade, premalignant lesions that lead to gastric cancer. In contrast, patients at high risk for progressing to gastric cancer demonstrate significantly higher levels of SMOX and oxidative DNA damage Figure 5 . Methylation levels of mir-124 genes are elevated in gastritis patient biopsies from the high-risk region versus the low-risk region. The CpG methylation percentage at each mir-124 gene locus was determined using pyrosequencing of bisulfite-modified DNA from patients residing in the low-risk (LR) coastal region (n = 43) or the high-risk (HR) (n = 47) mountain region (assays were performed using coded case numbers). The mean methylation percentages of each patient population are presented as dots, with error bars indicating 95% confidence interval. Statistically significant differences between the two populations (Po 0.05) are as indicated.
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that is associated with increased levels of mir-124 CpG-island hypermethylation. Our studies therefore suggest the potential use of methylated mir-124 as a valuable indicator of gastric cancer risk in H. pyloripositive individuals. As greater than half of the world's population is infected with H. pylori, global antibiotic eradication of the bacteria is not feasible. 38 In addition to cost prohibitions, antibiotic resistance is a factor, and eradication only reduces the risk of gastric cancer if conducted before the occurrence of premalignant lesions. 39 As a biomarker, methylation of mir-124 could provide an indicator for those patients most likely to progress to the premalignant lesions and cancer, who could then receive more intensive monitoring with appropriate eradication and/or chemopreventive strategies. In fact, without regard to its downstream effects, methylation of mir-124-3 has shown utility as an accurate indicator of metachronous gastric cancers, in a multicenter cohort study. 40 Owing to the limitations of eradication, strategies for the chemoprevention of H. pylori-associated gastric carcinogenesis are needed to significantly reduce the risk associated with this pathogen. Preclinical data using a Mongolian gerbil model of H. pylori-associated gastric cancer has provided promising results with α-difluoromethylornithine, an inhibitor of polyamine biosynthesis, or MDL72 527, an inhibitor of SMOX. 13 Both agents inhibited SMOX-mediated DNA damage and reduced the gastric dysplasia and carcinoma associated with H. pylori infection. A clinical trial using α-difluoromethylornithine, which reduces the abundance of spermine available for oxidation in the preclinical gerbil model, 13 is being initiated in Colombia. In this regard, the detection of mir-124 hypermethylation could provide a feasible method for identifying the patients most likely to benefit from a therapy targeting the polyamine pathway. Additionally, although not specifically targeting SMOX, the fact that the mode of mir-124 silencing is epigenetic indicates its reversibility and suggests the use of DNA methyltransferase inhibitors, such as 5-azacytidine, which have been extensively studied in the clinic and are currently being revisited for their lasting demethylating effects using transient dosing schedules at less cytotoxic concentrations. 41 Finally, the utility of miRNAs themselves as potential anticancer drugs is an area of active investigation currently limited by a lack of efficient delivery systems. 42 Hypermethylation of mir-124 has been observed in many other cancer types as well as in several premalignant conditions associated with chronic inflammation and/or infection. In particular, mir-124 methylation increases in ulcerative colitis and has been identified as a potential risk marker for colitis-associated cancer, 22 a condition that, like gastritis, varies greatly among individuals. As we have previously reported that elevated SMOX activity in an ETBF-induced model of mouse colitis is a mechanism linking inflammatory stimuli with tumorigenesis, 7 we can speculate that miR-124 expression influences SMOX activity in this system as well. Moreover, the lack of miR-124 expression in multiple systems further implicates a fundamental role for SMOX induction in the etiology of chronic inflammation/infectionassociated carcinogenesis that warrants further investigation. . Methylation levels of mir-124 genes correlate with SMOX expression in gastritis patients at various stages of disease. In (a-c), generalized linear models were used to analyze the relationships between mir-124 promoter methylation and SMOX expression in the human gastric biopsies from both high-and low-risk regions combined. Regression plots present SMOX immunohistochemistry staining scores versus the percent methylation of mir-124-1, -2 or -3 (black dots: low-risk region patients; red dots: high-risk region patients; patients within the top and bottom 10th percentiles of mir-124 methylation were excluded from the plots but included in the multivariate analyses and calculations of P-values). In (d), the mean SMOX staining scores at the 10 and 90th percentiles of mir-124 methylation (at each locus) are presented, with error bars indicating 95% confidence intervals.
It should also be noted that infection/inflammation-associated, ROS-induced DNA damage has been directly implicated in the epigenetic silencing of tumor suppressor genes. 43 Consequently, the intriguing possibility exists that mir-124 methylation and SMOX expression/activity may constitute a feedforward mechanism where increased SMOX expression resulting from mir-124 methylation leads to more ROS production, increased mir-124 methylation and thus more SMOX expression, as the lesions progress towards malignancy.
In conclusion, the current study links the aberrant DNA methylation of mir-124 with the activation of spermine oxidation and consequential generation of oxidative DNA damage in the etiology of H. pylori-associated gastric cancer. Methylation levels of the mir-124 genes are elevated in patients at heightened risk of progression to H. pylori-associated gastric adenocarcinoma, whereas low methylation levels in the low-risk population are associated with miR-124-mediated protection from SMOX induction. Therefore, the methylation or expression level of miR-124 may provide a useful marker for identifying those H. pylori-positive individuals at increased risk for developing gastric cancer.
MATERIALS AND METHODS

Cell lines, culture conditions and chemicals
The AGS human gastric cancer cell line, obtained from and authenticated by ATCC (CRL-1739; Manassas, VA, USA), was maintained in F12K medium containing 10% fetal bovine serum at 37 ºC with 5% CO 2 . Mycoplasma testing was performed using the MycoAlert Detection Kit (Lonza, Walkersville, MD, USA). All custom primers were synthesized by Integrated DNA Technologies (Coralville, IA, USA). Restriction and DNA modification enzymes were purchased from New England Biolabs (Billerica, MA, USA). Treatments with the DNA methyltransferase inhibitor 5-azaC (Sigma, St Louis, MO, USA) were conducted at the doses indicated and included a change of medium with freshly diluted inhibitor every 48 h for a total of three treatments, followed by a 3-day rest.
RNA extraction, gene expression and miRNA expression studies RNAiMAX (Life Technologies, Grand Island, NY, USA) was used to transfect AGS cells (2.5 × 10 5 cells per well in 6-well plates) with mirVana miRNA mimics (Life Technologies) corresponding to hsa-miR-124-3p or a negative control. After 24 h, total RNA was extracted using TRIzol reagent (Life Technologies) and quantified by spectrophotometry; cDNA was synthesized using qScript cDNA SuperMix (Quanta Biosciences, Gaithersburg, MD, USA). SYBR green-mediated, real-time PCR was performed using the primer pairs and annealing temperatures in Supplementary Table 1 with SYBR green SuperMix for iQ (Quanta Biosciences). The optimum annealing temperature for each primer pair was determined using temperature gradients followed by melt-curve analyses and visualization on 2% agarose gels with GelStar staining (Lonza) and KODAK Digital Science Image Analysis Software (Eastman Kodak Company, Rochester, NY, USA). Amplification was performed on a Bio-Rad MyiQ2 real-time PCR detection system with data collection by the iQ5 Optical System Software (Bio-Rad Laboratories, Hercules, CA, USA). In each quantitative PCR experiment, samples were analyzed in triplicate, normalized to the GAPDH reference gene and the fold-change in expression was determined relative to cDNA from untreated cells using the 2 − δδCt algorithm. For miRNA expression analysis, 1 μg of TRIzol-extracted RNA was converted to cDNA using the miScript II PCR System (SABiosciences, Frederick, MD, USA). SYBR-green-mediated quantitative PCR was performed using a miR-124-specific sense primer 24 with a universal antisense primer (SABiosciences), according to the manufacturer's recommendations. U6 snRNA was amplified as the normalization control. Amplification products were electrophoresed on 2% agarose gels, stained with GelStar, and visualized and photographed using the KODAK Digital Science Image Analysis software. Analyses of SMOX protein and activity and intracellular polyamine pools AGS cells were transfected with the hsa-miR-124-3p or negative control miRNA mimic for 24 or 48 h, collected and quick-frozen for analysis. SMOX activity was measured using a luminol-based assay measuring the production of hydrogen peroxide, as described previously. 44 Polyamine concentrations were determined as described previously. 45 Both assays were normalized relative to milligrams of total cellular protein determined using the method of Bradford. 46 For western blots, total protein (50 μg per lane) was separated on precast 4-12% Bis-Tris NuPAGE gels with 1 × MOPS running buffer (Invitrogen) and transferred onto Immun-Blot PVDF membranes (Bio-Rad). Blots were blocked for 1 h at room temperature in Odyssey blocking buffer (LI-COR, Lincoln, NE, USA), followed by overnight incubation at 4°C with antibodies specific to SMOX (1:1000 dilution), as described previously, 2 and β-actin (no. sc-8432; Santa Cruz Biotechnology, Dallas, TX, USA). Incubation with species-specific, fluorophore-conjugated secondary antibodies allowed the visualization and quantification of immunoreactive proteins using the Odyssey Infrared Detection System and Software (LI-COR).
Analysis of the 3′-UTR of SMOX Putative hsa-miR-124 binding sites in the 3′-UTR of the human SMOX transcript were predicted using bioinformatic tools available at www. microrna.org 47 and TargetScan (version 6.2). 48 To experimentally verify that miR-124 could directly influence SMOX mRNA expression, an 86-bp region of the human SMOX 3′-UTR (+227 to +313) including the putative recognition element for miR-124 was PCR-amplified and inserted downstream of the luciferase gene in the pMIR-REPORT Luciferase expression vector (Life Technologies). Site-directed mutagenesis of the miR-124 seed recognition sequence in the SMOX 3′-UTR was accomplished using the QuikChange II system (Agilent Technologies, Santa Clara, CA, USA), and resulting plasmids were verified by sequencing. Co-transfection of the pMIR-Luc-SMOX plasmid (wild-type or mutant), the mirVana hsa-miR-124-3p mimic or negative control mimic, and the pMIR-REPORT-β-Gal reporter control plasmid into AGS cells was performed using Lipofectamine 2000 (Life Technologies). Cell lysates were collected 48 h later in reporter lysis buffer, and luciferase and β-galactosidase activities were measured using Luciferase and β-Galactosidase Enzyme Assay Systems, respectively (Promega, Madison, WI, USA). Luciferase activity was measured as relative light units and normalized to β-gal activity measurements determined by absorbance at OD 420 . Additionally, a stable AGS cell line was created by transfection with a plasmid containing the SMOX coding region and the first 158 nucleotides of the 3′-UTR (lacking the miR-124 target site). Following transfection with the miR-124 or -NC mimic, quantitative realtime PCR (qRT-PCR) for SMOX was conducted as described above.
H. pylori culture and infection of AGS cells
H. pylori strain 60190 (ATCC) was maintained on trypticase soy agar plates containing 5% sheep blood at 37 ºC with 5% CO 2 . In preparation for the infection of AGS cells, the bacteria were transferred to 75-cm 2 tissue culture flasks containing Brucella broth supplemented with 10% fetal bovine serum and grown for 48 h in an upright position with occasional agitation at 37 ºC with 5% CO 2 . Bacteria were then collected by centrifugation, washed with phosphate-buffered saline, and cell number was estimated based on OD 600 .
AGS gastric epithelial cells transfected with the miR-NC or miR-124-3p mimic were divided and replated in antibiotic-free F12K medium supplemented with 10% fetal bovine serum for 24 h before the addition of H. pylori at a multiplicity of infection of 100 for 6 h. Uninfected cells from the same transfected population were used as negative controls. Cells were harvested and lysates prepared for RNA extraction or SMOX activity and protein analysis.
Human subjects
The human gastric biopsies used in the current study were obtained previously following the provision of informed consent and according to Institutional Review Board protocols approved by Vanderbilt University and Universidad del Valle Ethics Committees. 13, 34, 35 Briefly, samples were obtained by upper endoscopy from 90 patients with dyspeptic symptoms who resided in either the high-risk Andean Mountain community of Tuquerres (47 patients) or the low-risk Pacific Coast city of Tumaco (43 patients), both in the Department of Nariño, Colombia. H. pylori infection status, cagA genotype and SMOX expression values were scored by a pathologist (MBP) blinded to the patient groups, as described previously. 13, 35, 49 Quantitative DNA methylation analyses DNA was isolated from the frozen human gastric antral biopsies and used for bisulfite modification, PCR amplification and pyrosequencing as described previously. 35 Multiple primer pairs were designed specifically for each of the three gene loci of hsa-mir-124 as follows: mir-124-1 forward (mir124a-1PF) 5′-GGAGTTTTTTAGAAGTAGGTTTGATGTT-3′ and reverse (mir124a-1PR) 5′-biotin-CTCCCCTCCCTAAACCCTCCAAC-3′; 50 mir-124-2 forward (mir124a-2G) 5′-AGGAGGGAATTATTGTTTTTTAGATAGTTG-3′ and reverse (mir124a-2H) 5′-biotin-AAAAAAAACTCCTACTTTTCCATTACAAC-3′; and mir-124-3 forward (mir124a-3 F) 5′-AAAGAGAAGAGTTTTTATTTTTGAGT AT-3′ and reverse (mir124a-3 R) 5′-biotin-TCCTCCTCAACTACCTTCCCCTA -3′. 50 The production of a single product for each primer pair was verified by electrophoresis in a 2% agarose gel. Methylated HeLa cell DNA (New England Biolabs) and normal human blood DNA were included in each experiment as positive and negative controls, respectively. Sequencing primers for each amplification product were as follows: mir-124-1 (mir124a-1PS) 5′-TAGAAGTAGGTTTGATGT-3′; mir-124-2 (mir124a-2GS) 5′-AATTTTTTT AGGAGATT-3′; and mir-124-3 (mir124a-3FS) 5′-GAGATTAGTTTTTTTAAT-3′. Methylation was quantitated across the following regions of hg19: mir-124-1, chr8 (9 764 472-9 764 488); mir-124-2, chr8 (65 291 958-65 291 986); and mir-124-3, chr20 (61 809 423-61 809 438).
Statistical analyses
Data from in vitro experiments were analyzed using Student's t-test and Spearman's rank correlations, where appropriate. For patient data, correlation coefficients and their corresponding P-values were used to characterize bivariate relationships for variables normally distributed (Pearson's) or not (Spearman's). Generalized linear models with a Gaussian link were used to estimate the association between SMOX expression and mir-124 methylation after adjusting for confounding variables that included age, H. pylori status, cagA status and histopathology score. Multivariate analyses were conducted using STATA 14 (StataCorp LP, College Station, TX, USA).
